Suspended matter from hydrothermal plume at 340N Carlsberg Ridge was studied for microtexture and geochemistry. Characteristics of these plume particles were compared with deep-oceanic particulates from different depths. Compared to fine, deep-oceanic suspended matter (2.0 m), some particles in the plume were larger (20 m) and had irregular shape and surface. These plume particles were mostly composed of Fe-oxides and silicates. Bulk composition showed that plume particles were relatively enriched with Fe, P, Mn, rare earth elements (except Ce) and U, but had other trace element concentration analogous to that found in deep-oceanic suspended matter. Efficient scavenging of elements from hydrothermal fluid and sea water makes geochemistry of plume particulates different from common oceanic particles.
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BUOYANT hydrothermal fluids emanate from active vents and rise through the water column until it attains neutral buoyancy. During mixing with ambient sea water, dissolved elements in the hydrothermal fluids form metallic sulphides, sulphates, oxides and oxy-hydroxides 1, 2 . Commonly, sulphides form at the buoyant stage of any hydrothermal emission, while later oxidation of reduced metals develops oxide particles in non-buoyant plume 3, 4 . All these particles of hydrothermal origin are dispersed laterally along with neutrally buoyant plume following deepsea currents. Such metal-rich hydrothermal particles make major contribution of various trace elements to the oceanic geochemical budget. However, detailed characterization of hydrothermal particles has only rarely been attempted 5 . Recently, hydrothermal plumes from unknown vent(s) were discovered near 340N Carlsberg Ridge 6 . In the present study we determine the morphological and geochemical nature of these plume particles. Geochemistry Figure 1 . a, Bathymetry of the study area. Red star represents location where intense plume signature has been observed. b, Contour profile of backscatter anomaly indicating turbidity due to dispersal of plume particulates over 340N Carlsberg Ridge 6 . Solid circles represent sampling depths of suspended particulate matter at CTD station S17.
of hydrothermal particulates is compared with common oceanic suspended matter to understand their difference in behaviour in marine environment.
Extending from the southern end of the Owen Fracture Zone near 10N to the equator in northern Indian Ocean, the Carlsberg Ridge is a typical slow-spreading (11-16 mm/yr) ridge that marks the tectonic plate boundary between the African and Indo-Australian plates 7 . The ridge segment of the present study in the northwestern part is characterized by steep valley wall and wide valley floor. Depth of the rift valley varies between 3000 and 4500 m. Hydrothermal plumes were identified at water depth around 3060 m (ref. 6) , near the southwestern wall of the rift valley between 340N and 350N ( Figure 1) . However, the source locations of active vents have not yet been discovered. Rocks sampled from valley floor and side walls near the plume areas contain mostly fresh basalt with some localized ultramafic outcrops 8 . In order to delineate unknown hydrothermal activities over Carlsberg Ridge, two dedicated expeditions onboard RV Sonne (in 2007) and Akademik Boris Petrov (in 2009) were carried out for extensive water column studies. During these two cruises, laterally dispersed particlerich plumes were identified in deep water based on optical anomalies ( Figure 1 ) detected with backscatter sensors of miniature autonomous plume recorders (MAPRs) and conductivity-temperature-depth (CTD) system 6 . The positive temperature anomaly (Figure 2 a) at CTD station S-17 (340N, 6344.8E) was found to be associated with intense backscatter signature (NTU > 0.01, Figure 2 6 , and thus confirming the hydrothermal origin of the plumes.
Deep sea-water was sampled using acid-washed Niskin samplers from the plume layer at 3060 m and a few hundreds of metres above (2600 m) and below (e.g. 3180, 3320, 3400 and 3530 m) the plume. Then 10 litre of each water sample was immediately filtered in duplicate using acid-cleaned, dried 0.45 m Millipore filter paper (diameter = 47 mm) for textural and geochemical analyses. After filtration, the filters were rinsed thoroughly with Milli-Q water to remove salts from particulate matter. Gentle vacuum was applied for a few minutes using suction pump to remove excess rinsing water. The filter papers were kept in separate petri plates and stored in desiccators until chemical analyses was carried out.
Photomicrographs of suspended matter were examined to visually differentiate particles found in the plume layer and those in other layers in deep sea. Filters with dry particulates were carefully sliced into pieces and fixed on aluminum stubs with glue and then coated with ultra-thin layer of gold using sputtering machine. Particulates on each filter paper were scanned with a JEOL JSM-5410LV scanning electron microscope (SEM). Qualitative chemical composition of selective particles was assessed with an energy dispersive X-ray spectrometer (EDS) attached to the SEM. The operating conditions were generally maintained within the limit of 18 keV, with magnification range from 1000 to 30,000.
The duplicate sets of filtrates were analysed for bulk elemental composition. In the shore-based laboratory, particulates were digested with ultrapure hydrofluoric acid (3.0 ml), nitric acid (2.0 ml) and perchloric acid (0.5 ml) mixture 9 in acid-washed 30 ml screw-capped teflon vials at 180C for about 72 h. Completely digested samples were diluted with Milli-Q ® water and final volumes were made up to 50 ml. Particulate Fe and Mn concentrations were estimated using a graphite-furnace-AAS (Perkin Elmer Analyst 600), while trace and rare earth elements (REEs) with quadrapole-ICPMS (Thermo X-Series-II) using 103 Rh solution (20 ng/ml) as internal standard. For better signal at extremely low concentration, fine-tuning and optimization of instrumental condition was carried out against aqueous standards. Unused filter papers were digested by similar method and analysed to get the procedural blank values in triplicate. Final results are presented in terms of weight of each element in the particulate filtered from an unit volume of sea water.
In deep water, the observed negligible optical backscatter anomaly (NTU < 0.001) above and below the plume layer indicates very low density of suspended matter. The result also suggests that common suspended matter in deep water column is extremely fine (<2.0 m). Such fine particles in the deep sea usually contain fine terrigenous minerals, biogenic particles or complex inorganic precipitates 6 . In contrast, particulates from plumeaffected nepheloid layer (ΔNTU ~ 0.01 at 3060 m) had a wide size range with numerous larger (>100 m) particles (Figures 3-5 ). Some dark large particles were visible to the naked eye. Mixing of hydrothermal fluid with sea water results in the formation of sulphide, sulphate, carbonate and oxide/oxy-hydoxide particles of different sizes (<2.0-~500 m) 10, 11 . Due to high settling velocity, the coarse particles are removed from the plumes immediately after hydrothermal emission 1, 11 , and thus abundance of larger particles in the dispersed plume, drops sharply as the plume moves away from the source. A model study on plumes over ASHES vent field showed that larger (>100 m) sulphide/sulphate particles settle very close (<1.0 km) to the active sources 1 . Therefore, large plume particles in the present study perhaps indicate that the unidentified active vent(s) are close to the sampling site. SEM images also show that large plume particles have irregular shape and were characterized by either flaky or platy surface features (Figures 3 and 4) . Ray et al. 6 showed more images of larger particles (~200 m) from the same non-buoyant plume over Carlsberg Ridge.
EDS analyses showed that fine circular particles from the plume were mostly composed of siliceous materials, while large particles were enriched in Fe, Mg, Al and Si (Figures 3 and 4) . Based on external morphology and elemental composition, three types of large particles are identified: (i) irregular, flaky, Fe-rich, (ii) platy, Mg and Si-rich, and (iii) carbon-containing particles. Following seafloor hydrothermal emission, hydrous metal-oxides having low solubility products can persist within the plume 3 and they grow larger due to aggregation of colloidal particles with time 12 . Therefore, the large, Fe-rich oxides or silicate particles within this nepheloid layer indicate maturity of the plume. Flaky particles are Fe-silicates or Fe-oxides (Figure 4 a-d) with traces of Ca, Na, K, Al, Mn, Zn and Ti (Figure 4 e-h) . The second type of platy Mg-rich particles had thin-layered texture (Figure 3 a-c) . Based on the elemental ratio, Ray et al. 6 proposed that these Mg-silicate particles are talc which is commonly found in ultramafic-hosted hydrothermal systems. EDS analyses of these Mg-rich particles showed the presence of Al and Fe (Figure 3 d-f ) in their siliceous lattice. Ortega-Osorio and Scott 13 have also reported similar Fe-rich, Mg-silicate particles in hydrothermal plumes in the Manus Basin. Some plume particles have very smooth surface with distinct carbon and oxygen peaks in EDS analyses ( Figure 5) ; they are either carbonates or biogenic organic debris adsorbed onto oxide particles. Similar carbon-rich particulates of chemosynthetic origin are also reported in other known hydrothermal plumes 14 . However, none of these large particles was detected with sulphur in EDS analyses; therefore, they are most likely poly-metallic oxides, oxy-hydroxides and silicates, but not sulphides. Absence of large sulphide particles could be due to either ageing of non-buoyant plume or because of high metal-to-H 2 S ratio in the parent fluid. Generally, hydrothermal sulphides settle fast within the rising plume as well as beneath the dispersing plumes. Differential sedimentation keeps the larger sulphide and sulphate particles out of the plume immediately after emission 1, 4 . Sulphides are also likely to be dissolved, as the non-buoyant plumes mix with the ambient sea water 15, 16 , and thus might not be available in mature plumes. Therefore, particles from the plume layer differ from suspended matter in normal deep sea water in terms of their physical texture as well as chemical characteristics. Tables 1 and 2 show bulk chemical composition of suspended matter from different depths. The data show that composition of particulates filtered from turbid plume layer significantly differs from samples at other depths. Different elements show different degrees of enrichment in plume particulates compared to those in normal deep-oceanic suspended matter. This indicates that partitioning behaviour of elements between dissolved and solid phases in hydrothermal plume. Filtered residues from plume contain more particulate Mn (1.29 nmol/l) compared to normal suspended matter in deep-water layers Figure 4 . SEM images of (a, c) Fe-rich silicates and (e) Fe-oxide particles (modified after Ray et al. 6 ) from the plume at station S17 and (b, d, f ) their respective EDS-spectra. (0.4-0.6 nmol/l; Figure 2 e and Table 1 ) above and below the plume. Concentration of particulate Mn is similar to that reported in Gorda Ridge plumes (0.76-1.66 nmol/l) 3 , but higher than Carlsberg event plume (0.46 nmol/l) 9 or Rainbow plume particulates (<0.5 nmol/l) 4 . Dissolved Mn in hydrothermal plume behaves conservatively and hardly any particulate Mn (<20% of total Mn) develops in buoyant plume over active vent source. In the present study, about 35% of total Mn present in particulate phase indicating significant ageing of the plume. Plume particulates composed of large number of Fe-rich silicate and oxide particles, have Fe concentration of ~20 nmol/l ( Figure  2 f ), comparable to non-buoyant plume particulates over Rainbow field (5.7-420 nmol/l) 4 . The background particulate Fe concentration varies between 5.0 and 12 nmol/l in this water column ( Table 1 ). The plume particulates have marginally higher Al (11.6 nmol/l) than those reported in other hydrothermal plumes 2, 4 , but do not differ much from non-plume samples (9-15 nmol/l) at other depths (Table 1) . Slightly low concentration of particulate Al in deeper waters confirms that there is no input of Al due to re-suspension of bottom sediment, as found in sedimented ridge segments 2 . Al-to-Fe ratio is notably low (Al/Fe = 0.59, Figure 2 h) within the plume compared to other samples (Al/Fe > 1.3). More than 50% drop in Al-to-Fe ratio at 3060 m is not likely due to change in water mass with depth. The enrichment of Fe relative to Al in suspended particulates indicates more hydrothermal than detrital input 4 . The reverse trend of Al/Fe ratio in the rest of the water column appears to be due to dry deposition of dust and other terrigenous sources. The maximum enrichment of particulate Fe (Fe/(Fe + Mn + Al) > 0.6, Figure 2 g ) and relative depletion of particulate Al (Al/Fe < 0.59, Figure 2 h ), therefore indicate hydrothermal contribution in the sample from 3060 m.
Mg and Ca, two complementary elements, did not show significant difference between plume particulate and normal deep-oceanic particles from other depths. Marginal changes in Mg (0.16-0.22 mol/l) and Ca (5.1-6.9 nmol/l) in the plume suggest negligible role of hydrothermal contribution on the concentration of these two elements. Otherwise, during mixing with seawater, Mg and Ca in the fluid commonly precipitate as hydroxide, sulphate or silicates. As described earlier, minute salt particles in the suspension, possibly cause minor increase of these elements in particulate phase of the plume layer and also support the existence of Mg-silicate minerals in the plume layer. Chalcophiles like Cu, Zn and Ni did not show significant change in the neutrally buoyant plume particles (Table 1) . These elements of hydrothermal origin precipitate mostly as sulphides near the active vent source. Therefore, lack of excess chalcophile elements in this nephloid layer suggests that the plume has been diluted at the sampling site S17. In contrast, distribution of particulate phosphorus in the water column showed considerable enrichment within the plume (28 nmol/l) relative to background concentration (11-15 nmol/l, Table 1 ). Phosphorus usually exists as dissolved phosphate in sea water and has the affinity to be adsorbed on positively charged colloidal Fe-oxy-hydroxide particles. Thus scavenging of P from sea water by nascent Feoxide-rich plume particles appears to be responsible for increase of particulate P in the plume layer. Similar enrichment of oxy-anions of P, V, Cr and As in hydrothermal plume particles has also reported in EPR, Cleft and Rainbow vent fields 4, 17 . Relatively high concentration of heavy elements like uranium (0.55 pmol/l) in the plume layer is probably due to scavenging of U(VI) from ambient sea water. Redox-sensitive U quantitatively precipitates from sea water during hydrothermal mixing 18 , as dissolved U(VI) converts into insoluble U(IV)-oxides.
Most of the REEs have slightly higher concentrations in the plume layer (at 3060 m) relative to other depths (Table 2) . Yttrium, which is considered as pseudolanthanide, also has higher concentration in plume particles (3.8 pmol/l) compared to samples from other depths (1.6-2.6 pmol/l) ( Table 2 ). Enrichment of REEs in plumederived particles could be due to preferential adsorption and co-precipitation of particle-reactive non-conservative REE species from sea water (and hydrothermal fluid). Particularly, Fe-rich metal-oxide/oxy-hydroxide in suspended particulate matter (SPM) of hydrothermal origin is reported to sorb dissolved REE more effectively 19 . Irregular shape and larger surface area possibly enhance such scavenging capacity in hydrothermal particles. Shale (PAAS) normalized REE patterns of SPM from 3060 m also differ from the rest ( Figure 6 ) and indicates that except for Ce, partitioning of REEs with respect to sea water differs in hydrothermal plume particulates.
It is interesting to note that relative fractionation between light and heavy REEs in plume particulates (Nd n /Yb n = 0.8) (Table 3 ) is close to that observed in SPM from other depths (Nd n /Yb n = 0.6-0.72) (Table 3) , or typical deep-oceanic hydrogenous particles 5 . No prominent positive Eu anomaly, a common character of hydrothermal plumes, was found in shale-normalized pattern of plume particulates. These results suggest that plume dispersal at 3060 m was mature and had been extremely diluted with sea water. Even though the plume was diluted at the sampling site, significant negative Ce anomaly (Ce/Ce* = 0.5) ( Table 3) in plume particulates differs from those at other depths (Ce/Ce* = 0.84-1.06; Table 3 ). During mixing with sea water dissolved Ce(III) of hydrothermal origin prefers to remain in solution phase rather than in solid hydrothermal particulates. Similar behaviour of redox-sensitive Ce has been reported in nonbuoyant plume particulates over TAG 20 and Rainbow 4 vent fields. In contrast, hydrogenous particulates have very weak or no Ce anomaly, indicating sufficient scavenging of Ce(IV) from oxygen-rich deep waters. The particulate matter of hydrothermal plume at 340N Carlsberg Ridge was found to have a range of sizes with a variety of textures and distinctly differed from fine suspended matter in the deep sea. The elevated concentrations of trace elements in particulates of this non-bouyant plume resemble typical high-temperature plumes of other vent fields. During hydrothermal fluidsea-water mixing, co-precipitation and scavenging enhance the trace element concentrations in plume particulates. Thus geochemical characters of particulates suggest that the Carlsberg plume originates from hightemperature vent fluid. Further surveys are required to locate the active unknown vent(s) along this ridge segment.
